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Irreversible adsorption of hard spheres at random site surfaces was studied theoretically. In contrast
to the previous model of Jiet al. [J. Phys. Chem97, 4256 (1993] the dimension of the sites,
having the shape of circular disks, was finite and comparable with the size of adsorbing spheres.
Adsorption was assumed to occur if the sphere contacted the disk, i.e., when the projection of the
sphere center was located somewhere within the disk only. Numerical simulation of the Monte Carlo
type enabled one to determine the available surface function, adsorption kinetics, jamming
coverage, and the structure of the particle monolayer as a function of the site deogéyageand

the size ratio particle/site, denoted Ry It was demonstrated that adsorption kinetics and the
jamming coverage increased significantly, at a fixed site density, whenpgheameter increased. It

was also proven that the results derived from theefial. model were valid only i >10. © 2002
American Institute of Physics[DOI: 10.1063/1.1446425

I. INTRODUCTION (RSS. A correspondencémapping function between the
adsorption process at nonuniform surfaces and the widely

Adsorption and depositiofiirreversible adsorptignof studied random sequential adsorpti&SBA) over continuous

colloids and bioparticles on solid/liquid interfaces is of great

it ¢ ical and natural - surface® 12 was found. Both the available surface function
signiticance for many practical and natural processes suc verning particle adsorption kinetics and jamming coverage
filtration, paper making, thrombosis, protein, bacteria, en-

. L s ) - were determined as a function of the dimensionless site den-
zyme immobilization and separation, immunological assays

. . e sity.
biofouling of transplants and artificial organs, etc. The effi- yThe goal of our work is to generalize the results of Jin
ciency of these processes is usually enhanced by the use Q{a

; ) deorbed at interf Hich : 148 to the experimentally more interesting situation when
coupling agents preadsorbed at intertaces, which promote 6lé(dsorption sites have finite dimensions, comparable with the

tachment of_particles. For (_exampl_e, Ca“"r?‘c pOIyQIECtrplytesadsorbing particle size. The range of validity of the approach
are used to increase retention of filler partidlesy., tiatania adopted by Jiret al* is determined by performing numerical

n papf): m?kmﬁ' %roceﬁéleer tf[) prt(;moteda sfealeec%t;\]/eb_self- simulations according to the RSA algorithm. Particle adsorp-
assemply of cofloid particles at patierned sur 10 tion kinetics, jamming coverage, and structure of the ad-

Ioglca! app_llca}nons acuve_hgands are widely appheq for 4sorbed layer are derived from these calculations.
selective binding of a desired solute from protein mixtures,

e.g., in the affinity chromatograpfy.On the other hand, in
the immunological assay% one often uses colloid particles !l THE THEORETICAL MODEL

(polystyrene latexcovered by proteingantibodies to detect We consider the following model of irreversible adsorp-
the presence of antigens in serum. A characteristic feature gfon of spherical particles over heterogeneous surfaces. The
these processes is that particle or protein adsorption occurs fands (surface heterogeneitiesare represented by hard
surfaces, which are inherently heterogeneous. This raises thgsks of radiusas and a negligible thicknesgsee Fig. 1
important question of what is the relationship between therpere areN? disks placed over a homogeneous surface hav-
concentration, size, and distribution of the ligan@éhich ing the geometrical surface arass. Without loss of gener-
can be treated in the classical adsorption terminology as a%lity, one can assum&S=1 and normalize accordingly the
tive centerg and the maximunijamming coverage of par-  gisk diameter, which was typically %610 5-10"° of the
ticles. Also, the kinetic aspects of adsorption at heterogegjmyjation area dimension. The surface concentra@in
neous surfaces are interesting from practical viewpoint. density of the disks is then equal t4? and the dimension-

Despite a considerable theoretical significance of thesg, o coverage is defined @s= wa2N®. The configuration of

. . . S 'S’

processes, surprisingly few works have been_reaoerted N thg,e disks(heterogeneitigscan be produced in a number of
literature. The exceptions are the papers ofetial,™® who ways, e.g., by quenching an equilibrium fluid of a given
studied theoretically irreversible adsorption of disks on NON<overage, or by performing RSA simulations, the procedure

uniform surfaces covered by point-like adsorption Sites'adopted in our work.

These surfaces were referred to as the random site surfaces The basic assumption of our model is that the particle

can only be adsorbed upon touching the disk, i.e., when the
dElectronic mail: ncadamcz@cyf-kr.edu.pl projection of the particle center lies within the disk ateae
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As usual in the RSA simulation the dimensionless cov-
erage of particles is expressed @s= 1-ra|2N| and the com-
puter adsorption time is defined*&s12

N tt

By plotting 6, versus the adsorption timedefined above,
one can simulate the kinetics of particle adsorption.

On the other hand, the available surface functiaBF)
¢ is defined in our model as

_Sa_9s
AS” AS

Sav
wa§N2

:p0¢(5!|!)\)1 (2)

whereS,, is the area where the virtu@lvandering particle
can be adsorbed without overlappifigut touching any of
the areas covered by digk, is the initial probability of
particle adsorption equal #® in our case, an@= ¢/pg is
the normalized ASF.

Our definition of ASF given by Eq(2) is more general
than that introduced by Jiet al.,*® who defined ASF for the
discrete random site surface as follows:

Nav
d’J:NT, ©)
S
Z whereN,, is the available number of sites at a given cover-

% age of particles.
It should be noted that in the limit of short time, when

7 %7//
2a, 0,—0, Z—n{)j.

- : - 13
FIG. 1. A schematic representation of particle adsorption over heteroge- Similarly, as In previous _vvorkgo, the_ ASF was calcu-
neous surfaces bearing disk-like adsorption sites. lated by stopping the simulation at a desired covefagand

then performing a large number of adsorption trillg, (by
keeping®, constan), Ng,. of them being potentially suc-
cessful. Theng is defined as the limit o,/ N4 When the

. . . , . number of attempts tends to infinityn practice, to a large
Fig. 1). Otherwise, at bare interface, the particle will not number equal to 1.

adsorb. Physically, this corresponds to the situation when the Knowing ASF, one can calculate particle adsorption ki-
particles are irreversibly bound to the disks due to Short'netics by integrating the constitutive dependérife
ranged attractive interactions of an electrostatic or chemical
nature. de,

In accordance with this assumption, particle adsorption ¢= dt - @

at the heterogeneous surfaces was modeled as follows: _ _ _ .
As discussed in Ref. 14, this classical concept of the

(i) An adsorbing(virtual) particle of radiusa; was gen-  ASr may not be general enough to deal with the diffusion-
erated at random within the simulation area with pe-controlled adsorption of particles. More refined approaches,
riodic boundary conditions superimposed at its perim'considering a 3D transport of particles, have been
eter; if the projection of its center lay outside the areaproposed®=” Due to insurmountable mathematical prob-
occupied by disks another virtual particle was gener{iems, their applicability for heterogeneous surface adsorption
ated and the number of attemtg, was increased by seems prohibitive. Therefore, in this work, we adopt the stan-
1 dard ASF concept which reflects the most important features

(i) ~ Otherwise, the overlapping test was performed acof the problem of particle adsorption at heterogeneous sur-
cording to the usual RSA rules, i.e., if any adsorbedfaces.
particle happened to be within the exclusion area of  The pair correlation functiorfradial distribution func-
radius 2, the simulation loop was repeatdthe  tion) g(r) was calculated by generating particle populations
number of attempts was increased by 1 according to the above RSA scheme and exploiting the defi-

(i) If there was no overlapping the virtual particle was nition
assumed irreversibly adsorbed at the given position 5
and its coordinates were stored, and the number of (r)= 7, < AN, >

adsorbed particlell; was increased by 1. 0, \2wrAr

©)
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where( ) means the ensemble average &hds the number where ¢rga is the ASF function for adsorption processes
of particles adsorbed within the ring&r drawn around a over continuous surfaces governed by the classical RSA
central particle. Because of the periodic boundary conditiongnodel. This is so because particle configuration at a hetero-
all particles located closer tharapfrom the perimeter of the geneous surface bearirkjﬁ sites becomes identical for the
simulation area were discarded from the averaging procesame coverag®, with the RSA configuration over continu-
dure. In order to obtain a satisfactory accuracy@f), par-  ous surfaces afte,, adsorption attemptsThe dimension-

ticle populations reaching ¥Qvere considered. less adsorption time in the latter case equa+37-ra|2Nan.
Using Eq.(11), one can express the ASF for the hetero-
IIl. RESULTS AND DISCUSSION geneous surfaces in the form
A. Limiting analytical expressions _ a—r1
o _— =plO= . 12
Despite simple rules, the topology and kinetics of par- $=¢10=—~ Prsa (12

ticle adsorption at heterogeneous surfaces is rather complex,
especially at higher coverag® . However, two limiting ad- This relationship indicates that an unequivocal mapping be-
sorption regimes can be distinguished which can be detween adsorption processes at heterogeneous and uniform
scribed by simple analytical formulas. These expressiongiurface exists if the adsorption time is properly transformed.
having a practical significance, can be exploited for testincjghe time transforming function can be derived from Eip)
the validity of numerical simulations. y noting that for equal coverage
The first adsorption regime appears for low coverage of
disks (having arbitrary size but smaller than the partitliés et Tt (13)
one particle blocks upon adsorption only one disk. The cri-  dt a
terion for the occurrence of this adsorption regime can be
specified by postulating that there is on average less than o integrating this relationship, one obtains

disk within the exclusion areSe=47-ra|2, ie.,

= 1—e*t_’“ . 14
(Ney= SN =4002<1, @ e (19
where\ =a,/as is the particle size ratio. One can deduce that fdfa<1, 7=t, which means that
This can be written in concise form as adsorption at heterogeneous surfaces becomes practically
<1 R0 identical to adsorption on continuous surfaces. On the other
a7,

_ hand, fort —o, 7— a. This indicates that the jamming state
wherea= 0\ can be interpreted as the averaged numbegt heterogeneous surfaces corresponds to the adsorption time

of disks found over the interface area having the size ofr=« for continuous surfaces, governed by the standard RSA
particle cross sectioma?. model.

Since the adsorbing particle blocks only one disk, the By eliminating r from Eq.(12), one obtains
ASF can be expressed as

o, 5= 0% o tag o)) (15
¢=Sav=7ra§(N2—N|)=s<1—; , (8) dt rsal9)).
whereN;, is the number of adsorbed particles. Since this dependence is implicit, one cannot formulate any
Hence, fora<j the ASF function is described by the exact expression fog in terms of®, and a.
Langmuir model. Equation(15) can be expressed in the integrated form as
Substituting this expression into E(g), one obtains upon
integration o de’ ey
_ mza(l—e =7 (16)
0= a(1—e V%), 9) 0 TR
wheret =0t is the normalized adsorption time. This relationship can be used for deriving various analytical

The second adsorption regime, considered byefial,*  formulas describing particle adsorption kinetics at heteroge-
is realized when the size of the particle becomes much largdteous surface@n the limit of negligible site dimensionsin
than the disk size, i.e)=a,/a;>1. Then, the disks can be Particular, for the low coverage regime, when
treated as pointgsites and the available surface area be-

comes proportional to the number of available shigslying brsa=1-406, (17)
outside all exclusion areas; thus one can derive from Ed16) the expression
= ey = O 10 z
s'Yav sNg . @lz%[l_e,4a(|,e—t/a)]' (18)

By postulating a uniform distribution of sites, one can dem-

onstrate thét Using this expression to eliminatefrom Eq. (15) one ob-

0 tains forg, in the limit of low coverage, the following ex-
Nav= (Ng—Nap) Prsa. (12) pression:
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— 1 — 1
#(0))=(1-40))| 1+ Eln(1—4®|)} = EZ(G' —0))(0.-0)(20.-0-6)
(C) =B4(a)(1-0*)(B,—0*)(2B,—1-0%), 26
5(1_4@)')(1_;')_ 19 1(@)(1-0*)(B,~0*)(2B, ), (28
_ _ 10 where®* =0,/0, B/=[0[/2¢%], B,=0%/0;.
On the other hand, for the long-time regime 1, wherf" Jin et al® derived a similar interpolating polynomial for
1 ¢ claimed to be a good approximation for arbitrary range of
d’RSA:EZ(@w_@I)sr (200 @ anda. This function has the form
where&=0.245 and®,,=0.547 is the jamming coverage for gz(l_ 0*)(1-B,0* —B,0%?)2, (27)
the RSA model, one can derive from E{.6) the limiting
kinetic expression where theB; andB, are the following functions ofr:
€ 32
0,=0,—————. (21) By(a)=a 0.713+ 1.4« -
Va(l—e Y9 1+3.440+ 2.460
: : (28)
The ASF function, for this coverage range, becomes 0.074+ 012232
o 41 5 2 Bala)= a1 G 54zt 0.2
= Prs T @ — @2
(0,-0))° B. Numerical results
~ Forarbitrary coverage, the expression #@¢s, is known The numerical calculations discussed hereafter, concern-
in the for(r)nlzof various interpolating functions usually having ing the ASF function, adsorption kinetics, jamming cover-
the form™®: age, and pair correlation function, have been carried out for
_ K01 @x3 N=2, 5, and 10. This range seems typical for practically
Prsa=T(O7)(1=07)% 23 occurring situations.
where®*=0,/0,, andf(®*) are low-order polynomials. As a preliminary test the simulation algorithm was

These formulas can be used in conjunction with @)  checked if the ASF in the limi®,=0 attained the functional

to derive the appropriate kinetic expression. Since this prodependence predicted theoretically, i.¢+ 0. This rela-
cedure is rather awkward, Jiet al* derived the following tionship has a practical significance because ¢healue in
function based on interpolation of their numerical results: the limit of ®,—0 can be used for calculating the initial flux
5 3 of solute(particles to the heterogeneous surfaces. It is inter-
_ 1+0.314°+0.45 (24) esting to note that in our model, the ASF in the limit

1+1.83r+0.66r°+772)" ©,—0 remains smaller than that pertinent to continuous sur-
faces. This is because the maximum coverage of d&ks
a}lways remains smaller than 0.94 hexagonal packing in

®|:®w 1

One can use Ed24) directly for evaluating particle adsorp-
tion kinetics on heterogeneous surfaces for arbitrary range Wo-dimension limit. By assuming that the distribution of
times by substitutingr=a(1-e 1. Consequently, by jisks is governed by the RSA model, the maximum value of
substitutingr=a, one can calculate from E24) the jam- o initial ASE equals 0.547.

ming coverag®,” at heterogeneous surfaces. It is interesting
to note that for not too large, one can derive from Edq24)
the simple expression fdd”

We exploited this initial¢ value to normalize the ASF
determined for arbitraryd,, as shown in Figs. 2—4. As one
can see in Fig. 2, the dependenceg¢obn ©, calculated for

a N=2 can be well described by Eq19), provided that

0 =0.g—- (258 4= N\?<0.5 and®,<0.2. Thus, this simple analytical ex-

” pression can be used as a good estimate of the ASF for het-
On the other hand, far> 1, Eq.(24) predicts the asymptotic erogeneous surfaces in the limit of lo® . It is also inter-
relationship between the jamming coverage andn the  esting to note that the interpolating formula derived by Jin

form et al,* [Eq. (27)] is not accurate for>0.4. This suggests
that the continuum approach adopted by these authors breaks
0" =0 — 3 0. — ¢ down forA=2 when the size of the particle is comparable
[ =0,——==0,— —F—, (25b) ; . ; .
Jar a \/N—g with the size of the adsorption site. Indeed, for laryethe
accuracy of the Jiet al? fitting function improves, giving a
where&’ = &/\[m=0.138. quantitative agreement with the simulation results for
The same result can be obtained from E{) as well inthe  \ =10 (cf. Fig. 4. One can, therefore, deduce that for
limit t/a>1. N>10, the reduced ASF functiogh becomes in principle

Considering Eq(25b), one can formulate the expression identical with the standard ASF function pertinent to con-
for g Eq. (22), in the following form valid for higher cov- tinuous surfaces. It shoﬂd be remembered, however, that the
erage: overall ASF function®¢¢ always remains smaller than in
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FIG. 4. The dependence gfon®, (A=10): (1) ¥, ®,=0.5 (¢=50); (2)

A, 0,=0.2 (¢=20); (3) W, 0,=0.1 (¢=10); (4 ®, O,=0.05 (@=5).

— The points denote numerical simulations; the solid lines represent the ana-
FIG. 2. The dependence ¢fon®, (A\=2): (1) ¥, 0,=0.5 (@=2); (2) A, lytical approximation calculated from Eqg7) and (28).

0,=0.2 (¢=0.8); (3 W, 0,=0.1 («=0.4); (4) @, 0,=0.05 (@=0.2).

The points denote numerical simulations, the solid lines represent the ana-

lytical approximation calculated from Eq&27) and (28), and the dashed

lines shows the results calculated from Etp). the standard RSA model due to the fact thai<1. By as-

suming that the distribution of disks is governed by the RSA
model, ¢=0.547prsa.

Apart for calculating the ASF, extensive simulations
have been performed for estimating adsorption kinetics of
particles. In order to better assess the range of the validity of
the random site model of Jiet al,*® we express these re-
¢ | | sults using the time transformation given by Etd). In this

way different numerical runs performed for varioBs can
0.8 - | be presented in the form of a universal graph. The numerical
. . data transformed in this way are plotted in Fig. 5 for 2
- \ 1 and in Figs. 6, 7, foin=5 and 10, respectively. As can be
- \ ] noticed, forA =2 the deviation of our simulations from the
0.6 - \ 7] theoretical predictions derived for random site surfaces,
given by Eq.(24), is considerable. This is especially notice-
able for7>1. It can be deduced from the data shown in Fig.
5 that the jamming coverage also becomes significantly
i higher in the case of the discrete site model in comparison
. with RSA model. This effect can be attributed physically to
- \ 1 the fact that due to finite dimensions, a part of the surface of
02 - \ - the sites which are located within the exclusion areas re-
i ] mains available for adsorption of additional particles. In the
i \ i random site model, as a result of negligible dimension of the
00 st 1 e sites (pointg, this effect was absent. One can observe in
0.0 0.1 02 03 0.4 0.5 Figs. 5-7 that indeed particle adsorption kinetics is better
described by Eq(24) when\ increasegdecreasing dimen-
9] sions of the sites in comparison with particle dimengion
- Because the jamming covera@¥” has a fundamental
FIG. 3. The dependence gfon®, (A\=5); (1) ¥,0,=05 (¢=125);(2)  practical significance, we performed extensive simulations
A, 0202 (a=5); (3 W, 6,01 (a=25); (4) ® 06,2005 ginaq 5 determining this parameter as a functio®gfand
(e=1.25). The points denote numerical simulations, the solid lines repre- s . . . .
sent the analytical approximation calculated from Eg8g) and(28), and the A. The@l values were determined from the kinetic runs, i.e.,
dashed lines shows the results calculated from(Eg). 0, versust dependenciegvith the maximum accessible time

1.0||v|||»|[|x||\|||||||

04 \
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FIG. 5. The dependence o, on the transformed adsorption time

r=a(1—e V%), A\=2; the points denote numerical simulations, performed
for ®¢ equal to 0.02, 0.05, 0.1, 0.2, and 0.5, and the solid line represents th

analytical approximation calculated from E@4).
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FIG. 7. The dependence o, on the transformed adsorption time
r=a(l—e V%), A=10; the points denote numerical simulations, per-
ormed for ®4 equal to 0.02, 0.05, 0.1, 0.2, and 0.5 and the solid line
represents the analytical approximation calculated from(E4). (the sym-
bols have the same meaning as in Fig. 5
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FIG. 6. The dependence ob, on the transformed adsorption time FIG. 8. The dependence of the jamming coverage of parti®gson the
r=a(1—e V?), \=5; the points denote numerical simulations, performed coverage of disk€; the points denote the results of numerical simula-
for ®¢ equal to 0.02, 0.05, 0.1, 0.2, and 0.5 and the solid line represents thiéons, performed fof1) A, A\=10; (2) B, A\=5; (3) @, A\=2. The dashed

analytical approximation calculated from E@4) (the symbols have the

same meaning as in Fig).5

lines represent the results derived from the Langmuir model, i.e.,
®|:)\2®5.
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FIG. 9. The dependence of the jamming coverage of part®fgon the
coverage of disk®; the points denote the results of numerical simula-
tions, performed fofl) A, A=10; (2) B, A=5; (3) ®, A\=2. The solid line
represents the analytical results calculated from @4) by substituting
T=\%0j.

about 10) using a linear extrapolation procedure in g
versust ~ Y2 domain. The results plotted & versusO (in
logarithmic scalg are collected in Fig. 8. The analytical re-
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FIG. 10. The universal plot showing the jamming coverage of parti®fes
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FIG. 11. The pair correlation function of particlggr,) derived from nu-
merical simulations for the heterogeneous surfaces: Part2, ®,=0.2

(1) A,®,=0.44;(2) 1, 0,=0.3; (3) @, ©,=0.1. The solid lines denote the
results pertinent to uniform surfacdslerived from the standard RSA
mode). Part b,A=10, ®,=0.5; (1) A, 6,=0.5; (2) B, ©,=0.3; (3) @,
0®,=0.1. The solid lines denote the pair correlation function pertinent to
uniform surfacegderived from the standard RSA moglel

sults predicted from the low coverage dependence, i.e.,
0,=\?0, are also plotted for comparison. As can be seen,
this analytical formula works fox20,<0.1 only. In Fig. 9

the same data are plotted in the natural séjfevs ©¢ and

the comparison with the Jiet al? formula [Eq. (24)] is
made. As mentioned, the numerical results for finite-sized
sites are always larger than the values pertinent to random
site surfaces. This effect can be well observed in Fig. 10,
where these data are presented using the transformed coordi-
nate systen®|” versusa=\?0@4. As can be seen, even for

vs a=\20; the points denote the results of numerical simulations, per-\ =10, the numerical data are systematically Iarger than the

formed for\ =10 (inverse triangles A =5 (squaresand\ =2 (triangles,
the solid line represents the analytical results calculated from(Z.by

limiting analytical results derived from E¢R4) by substitut-

substitutingr=X\20, and the dashed lines show the interpolating resultsiNd 7= a. It was found that a better estimation of the simu-

calculated from Eq(29).

lations performed foln =10 can be attained by using Eg.
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(259. This has a significance in view of the simplicity of this 0,=0,.7\%(0,,/0,+)\?).
interpolating function, which can be easily applied under
practical situations. On the other hand, for smaklerwe
derived the interpolating function in the form

On the other hand, the ASF function can be approximated for
arbitrary A and® < 0.2 by the limiting formula

1 —O(1-40,)(1-0,/ )~®(1 4a_l®)
OF =1 cm (29) ¢=05 ( 1/a)=0g pamclE

where the constants, mequals 1.75, 1 fok=5 and 1, 3/2 coverage
for A =2, respectively. : . .

The structure of the adsorbed particle layers generated in It should be reme_mbe_red_ th?‘ all results discussed in our
simulation has also been determined for variaug&s men- work are valid for disk distribution governed by the RSA.
tioned, in order to attain a satisfactory accuracy of the pa“model. It seems that these data also can be used for disk

correlation functiong(r), particle populations reaching 10 configuration obtained by quenching an equilibrium 2D

were considered by averaging over many simulation runsf_de, in the limit of not too high®. This is because the pair

The numerical results plotted in Fig. 11 are compared Witqcorrelatlon function in both cases equas:1+0(®,) for

O .
the standard RSA results of continuous surfaces. It can b@"V coveragé. Some differences are expected to appear for

observed that the structure of particle monolayers generat gher@s anq A=>5. .Howeve.rz a quantltat'lve vghdaﬂpn of
in our simulations is very similar at the saneto the stan- this hypothesis requires additional numerical simulations.
dard RSA model. Some deviations occur xt2 and

©®>0.4 only, when the simulated(r) is much larger at

close separations than its continuous surface counterpa®CKNOWLEDGMENT
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easily detected experimentally.

Thus, a Langmuir-type form is derived in the limit of low
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